Background: Hyperglycemia on admission has been found to elevate risk for mortality and adverse clinical events after acute myocardial infarction (AMI), but there are evidences that the relationship of blood glucose and mortality may differ between diabetic and nondiabetic patients. Prior studies in China have provided mixed results and are limited by statistical power. Here, we used data from a large, nationally representative sample of patients hospitalized with AMI in China in 2001China in , 2006China in , and 2011 to assess if admission glucose is of prognostic value in China and if this relationship differs depending on the presence or absence of diabetes. Methods: Using a nationally representative sample of patients with AMI in China in 2001, 2006, and 2011, we categorized patients according to their glucose levels at admission (<3.9, 3.9-7.7, 7.8-11.0, and ≥11.1 mmol/L) and compared in-hospital mortality across these admission glucose categories, stratified by diabetes status. Among diabetic and nondiabetic patients, separately, we employed logistic regression to assess the differences in outcomes across admission glucose levels while adjusting for the same covariates. Results: Compared to patients with euglycemia (5.8%), patients with moderate hyperglycemia (13.1%, odds ratio [OR] = 2.44, 95% confidence interval [CI, 2.08-2.86]), severe hyperglycemia (21.5%, OR = 4.42, 95% CI [3.78-5.18]), and hypoglycemia (13.8%, OR = 2.59, 95% CI [1.68-4.00]), all had higher crude in-hospital mortality after AMI regardless of the presence of recognized diabetes mellitus. After adjustment for patients' characteristics and clinical status, however, the relationship between admission glucose and in-hospital mortality was different for diabetic and nondiabetic patients (P for interaction = 0.045). Among diabetic patients, hypoglycemia (OR = 3.02, 95% CI [1.20-7.63]), moderate hyperglycemia (OR = 1.75, 95% CI [1.04-2.92]), and severe hyperglycemia (OR = 2.97, 95% CI [1.87-4.71]) remained associated with elevated risk for mortality, but among nondiabetic patients, only patients with moderate hyperglycemia (OR = 2.34, 95% CI [1.93-2.84]) and severe hyperglycemia (OR = 3.92, 95% CI [3.04-5.04]) were at elevated mortality risk and not hypoglycemia (OR = 1.12, 95% CI [0.60-2.08]). This relationship was consistent across different study years (P for interaction = 0.900).
IntroductIon
Studies in Western populations have shown that hyperglycemia on admission is associated with mortality and adverse clinical events after acute myocardial infarction (AMI). [1] [2] [3] [4] However, there are evidences that the relationship between blood glucose and mortality may differ between diabetic and nondiabetic patients. [2, 5] For example, among nondiabetic patients, hyperglycemia at admission is associated with a graded increase in mortality risk. This is in contrast to patients with diabetes, where the elevated risk of mortality is appreciable only at higher levels of hyperglycemia. In addition, some studies have shown that hypoglycemia, particularly in diabetic patients, is an equally potent risk factor for death. [6, 7] However, these studies only assessed the influence of hypoglycemia on short-term mortality after AMI due to insufficient statistical power.
There remains a need for a comprehensive understanding of the prognostic value of admission glucose over the whole spectrum of glucose values. In addition, it is unknown if these relationships are population-specific. It is widely appreciated that there are important differences in the pathophysiology and epidemiology of diseases between Western and other populations. [8, 9] China is in the midst of an epidemic of AMI and it is important to validate findings from Western populations to accurately inform practice in China. Prior studies evaluating the relationship of blood glucose and outcomes after AMI in China have provided mixed results and have methodological limitations. [10] [11] [12] [13] Accordingly, we used data from the China Patient-centered Evaluative Assessment of Cardiac Events-Retrospective AMI (China PEACE-Retrospective AMI) study -a large, nationally representative sample of patients hospitalized with AMI in China in 2001 China in , 2006 , and 2011 -which provides a unique opportunity to assess if admission glucose is of prognostic value in China and whether this relationship has changed over the past decade. We also assessed if this relationship differs depending on the presence or absence of diabetes.
Methods

China Patient-centered Evaluative Assessment of Cardiac Events-Retrospective acute myocardial infarction study
The design of the China PEACE-Retrospective AMI study has been published previously, [14] and detailed information are shown in the Supplementary Text. In brief, we created a nationally representative sample of patients hospitalized for AMI during 2001 AMI during , 2006 AMI during , and 2011 two-stage random sampling [ Figure 1 ]. In the first stage, we identified hospitals using a simple random sampling procedure within each of the five study strata: Eastern-rural, Central-rural, Western-rural, Eastern-urban, and Central/Western-urban regions, since hospital size and clinical capacities differ between urban and rural areas as well among the three official economic-geographic regions (Eastern, Central, and Western) of Mainland China. In the second stage, from the 2010 rural hospitals and 833 urban hospitals, we randomly selected 162 hospitals to include in the study. Subsequently, we randomly sampled patients admitted to these hospitals with a definite discharge diagnosis of AMI. We excluded patients who were discharged alive within 24 h and patients who were transferred in from another facility because the detailed clinical status and treatments at their initial presentation could not be ascertained as well as those who were transferred out to other hospitals because their admissions were truncated [ Figure 1 ]. All data were collected by abstracting clinical information documented in the medical chart using standardized data definitions. [14] AMI hospitalizations were identified according to the International Classification of Diseases Clinical Modification codes, including versions 9 (410.xx) and 10 (I21.xx) when available, or through principal diagnosis terms noted at discharge, such as AMI, non-ST-segment elevation myocardial infarction, and inferior myocardial infarction. We conducted rigorous monitoring at each stage to ensure data quality. Data abstraction quality was monitored by randomly auditing 5% of the medical records, with overall variable accuracy exceeding 98%.
The Central Ethics Committee at the China National Center for Cardiovascular Diseases approved the China PEACE-Retrospective AMI study. All collaborating hospitals accepted the central ethics approval except for five hospitals, which obtained local approval by the Internal Ethics Committees.
Data collection
Variables collected included age, sex, cardiovascular risk factors, medical history, and clinical characteristics at admission, tests, treatments, procedures, and in-hospital outcomes. Comorbidities, including cardiogenic shock, acute stroke, in-hospital infection, hypertension, and dyslipidemia, were defined as documented history in the admission notes, discharge diagnosis, or positive laboratory test. The clinical features on admission that were assessed included chest discomfort, delayed time to admission, length of stay in-hospital, presence of ST-segment elevation, admission systolic blood pressure, respiratory rate, heart rate, estimated glomerular filtration rate (eGFR), and left ventricular ejection fraction (LVEF).
Admission glucose and diabetes status
For this analysis, the sample was restricted to those patients with glucose levels tested at admission for AMI. Admission glucose was defined as the earliest plasma glucose value on day 0 or day 1 of hospitalization. Admission glucose levels were categorized into four groups, namely, hypoglycemia (admission glucose <3.9 mmol/L), euglycemia (3.9-7.7 mmol/L), moderate hyperglycemia (7.8-11 .0 mmol/L), and severe hyperglycemia (≥11.1 mmol/L), according to the diabetes mellitus (DM) guidelines. [15] We classified patients as diabetic if they had a documented history of diabetes in the medical charts.
In-hospital mortality
In-hospital mortality was defined as a composite of death occurring during hospitalization or withdrawal from the treatment due to a terminal status at discharge. Withdrawal from the treatment is common in China due to the reluctance of many people to die in the hospital. The Chinese government uses in-hospital death or withdrawal from the treatment as a composite quality measure for hospitals. [16] 
Statistical analysis
We used percentages to describe categorical variables and medians (interquartile range [IQR]) to describe continuous variables. Pearson's Chi-square tests or Mann-Whitney tests were used to assess differences in demographic and clinical characteristics, treatments, tests, and in-hospital outcomes across admission glucose levels. Among diabetic and nondiabetic patients, separately, we employed logistic regression to assess the differences in outcomes across admission glucose levels, while adjusting for the same covariates, which include sociodemographic factors (age, sex); medical history and risk factors (current smoker, prior coronary heart disease, prior percutaneous coronary intervention [PCI], prior ischemic stroke, dyslipidemia, hypertension); clinical features at admission (chest discomfort lasting for more than 10 min, delay before admission, systolic blood pressure, respiratory rate, heart rate, type of AMI [ST-or non-ST-segment elevation], presence of anterior infarct, cardiogenic shock, acute stroke, LVEF). We repeated the analyses using time to event analyses with multivariable Cox regression analyses. We evaluated temporal changes in the association between admission glucose and in-hospital mortality by including a time-admission glucose level interaction into the logistic models. Odds ratios (ORs) and 95% confidence intervals (CIs) were reported. All comparisons were two-sided, with a P < 0.05 considered statistically significant. Statistical analysis was performed using SAS software (version 9.2, SAS Institute, Cary, NC, USA) and SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
results
Study sample
We identified 16,100 patients hospitalized for AMI from 162 hospitals across China. After excluding patients with undocumented admission glucose values (n = 4023), those transferred in from other facilities (n = 504), transferred out to other facilities (n = 953), or discharged alive within 24 h of admission (n = 82), the remaining 10,538 patients were included in our analysis [ Figure 1 ].
Admission glucose values
The median glucose value on admission was 7.0 (IQR 5.7-9.3) mmol/L; 39.2% had either moderate or severe hyperglycemia, while 1.7% was hypoglycemic. Overall, 21.6% of patients had known DM. The admission glucose of diabetic patients was higher compared with nondiabetic patients ] mmol/L vs. .0] mmol/L, P < 0.001). The distribution of admission glucose values in patients with or without known diabetes is shown in the Supplementary Figure 1 . Moderate or severe hyperglycemia was present in 76.0% of diabetic patients and 29.0% of nondiabetic patients. Among patients with severe hyperglycemia at admission, 34.9% did not have known DM [ Table 1 ].
Patients' characteristics
Compared with euglycemic patients, those with either moderate or severe hyperglycemia were older, more often female, more commonly reported an antecedent history of ischemic stroke, dyslipidemia, and hypertension, had higher heart rates at admission, and had a greater prevalence of cardiogenic shock, acute stroke, low eGFR (<30 ml/min), and depressed LVEF (<40%). On the other hand, they had less time delay before admission [ Table 1 ] and were more likely to receive primary PCI, clopidogrel, angiotensin-converting enzyme inhibitors, and statins [ Table 2 ].
Patients with admission hypoglycemia compared with euglycemic patients were more often female, less commonly reported antecedent history of ischemic stroke, dyslipidemia, and hypertension, less time delay before admission, lower admission systolic blood pressure, higher heart rate at admission, and had a greater prevalence of cardiogenic shock, acute stroke, low eGFR (<30 ml/min); all above P < 0.001 [ Table 1 ].
Relationship between admission glucose and in-hospital mortality
Overall, euglycemic patients had higher in-hospital mortality in the unadjusted model ( In the unadjusted model, the relationship of admission glucose with in-hospital mortality for both patients with and without recognized DM was similar to the overall cohort, when compared to patients with euglycemia, patients with moderate hyperglycemia, severe hyperglycemia, and hypoglycemia were all at elevated risk for in-hospital mortality [ Table 2 ]. However, on multivariable adjustment for demographic characteristics, medical history, and clinical characteristics at admission, the relationship between admission glucose and in-hospital mortality was different for diabetic and nondiabetic patients (P for interaction = 0.045). Among diabetic patients, hypoglycemia (OR = 3.02, 95% CI [1.20-7.63 Table 3 ]). Survival curves for diabetic and nondiabetic patients by groups of admission glucose levels in the multivariable Cox regression analyses are shown in Figure 3 . (22) 39 (22) 508 (8) 622 (26) 1111 (65) 317.83 <0.001 Current smoker 3646 (34) 49 (27) 2358 (37) 786 (32) 453 (26) 87.94 <0.001 CHD history None 8145 (77) 140 (77) 4864 (78) 1881 (77) 1260 (73) 17.43 0.080 CHD, but no MI 1270 (12) 23 (12) 709 (11) 305 (12) 233 (13) MI 1123 (10) 18 (9) 654 (10) 237 (9) 214 (12) Ischemic stroke history 1136 (10) 15 (8) 604 (10) 292 (12) 225 (13) (5) 17 (9) 186 (2) 152 (6) 189 (11) (18, 20) 20 (19, 22) 20 (18, 20) 20 (18, 21) 20 (18, 22 (3) 24 (13) 158 (2) 106 (4) 111 (6) 297.90 <0.001 30-59 ml/min 2067 (19) 39 (21) 1001 (16) 533 (21) 494 (28) (7) 21 (11) 530 (8) 147 (6) 105 (6) Fibrinolytic therapy 2035 (19) 30 (16) 1129 (18) 545 (22) 331 (19) 22.19 <0.001 Primary PCI 1243 (11) 12 (6) 659 (10) 361 (14) 211 (12) (18) 38 (20) 1147 (18) 497 (21) 314 (18) 5.82 0.120 Data are presented as n (%). P<0.05, which means treatment rates in groups of different admission glucose level were not totally the same statistically. PCI: Percutaneous coronary intervention; ACEI: Angiotensin converting enzyme inhibitor; ARB: Angiotensin receptor blocker; TCM: Traditional Chinese medicine.
Trend over time
There was an increase in the prevalence of DM among patients hospitalized for AMI over the study period (17.5%, 20.1%, and 23.1% in 2001, 2006 , and 2011, respectively, P < 0.001). The median (IQR) admission glucose level among patients without diabetes changed across years but remained similar in patients with diabetes. In-hospital mortality among patients presenting with hyperglycemia on admission increased from 17.2% in 2001 to 21.2% in 2011, but this was not statistically significant (P = 0.200 for trend). The relationship between admission glucose and in-hospital mortality risk in patients with or without recognized DM did not change across different study years (P for interaction = 0.900).
dIscussIon
In this nationally representative study of patients hospitalized with AMI in China, we found that after adjustment for patient characteristics, both moderate and severe hyperglycemia on admission were associated with an elevated risk for mortality among both nondiabetic and diabetic patients, especially so with severe hyperglycemia when the blood glucose is more than 11.1 mmol/L. This is consistent with what has been observed in Western populations. On the other hand, with hypoglycemia (<3.9 mmol/L), only diabetics had an increased risk for in-hospital mortality. This relationship between admission glucose and in-hospital mortality has not changed over the past decade.
Prior studies in China have attempted to characterize the relationship of admission serum glucose level to outcomes. [10] [11] [12] [13] Zhang et al. in 2007 [13] showed that the cumulative 1-year major adverse cardiac event-free survival rate was significantly lower in diabetic than that in nondiabetic group. Liu et al. [10] in 2009 indicated that nondiabetic patients with an admission glucose of 7.8-11.0 mmol/L, 11.1-13.0 mmol/L, and >13.0 mmol/L had a higher risk for 30-day mortality than those with an admission glucose <6.1 mmol/L. However, among diabetic patients, only those with an admission glucose >13.0 mmol/L had a higher risk for mortality. Li et al. [11] in 2011 showed nondiabetics had higher crude rate of in-hospital mortality at glucose levels of 9-11 mmol/L and >11 mmol/L, but among diabetics, the mortality rate was significantly higher only among patients with admission glucose >11 mmol/L. The <0.001 Data are presented as n (%) or median (inter quartile range). P<0.05, which means mortality in this group was different statistically with in the euglycemic group (3.9-7 .7mmol/L). OR: Odds ratio; CI: Confidence interval; -: No data. regression analysis in this study, however, was conducted on the entire study sample and not stratified by diabetes, which precludes meaningful interpretation of these results. Another study by Liu et al. [12] in 2012 showed a graded increase in 7-and 30-day mortality risk with increasing glucose levels, but this study was limited to nondiabetics. Liang et al. [17] found a J-curve relationship between fasting glucose and mortality in diabetic patients with AMI, but with limited study size to show statistical significance. Moreover, a single site study in Russian by Karetnikova et al. [18] showed that hypoglycemia in diabetic patients with AMI was related with poor long-term outcomes.
These prior studies, however, were limited by sample size and thus unable to elicit the relationship of serum glucose with mortality over different degrees of hyperglycemia and how this relationship varied between diabetics and nondiabetics. In addition, these studies did not evaluate the relationship between hypoglycemia and mortality and how it varied with the presence or absence of diabetes. Further, these studies did not originate from nationally representative data, which limit their generalizability. The China PEACE study, with its nationally representative design and large population, overcomes these shortcomings and provides an ideal opportunity to study the relationship of admission glucose with mortality among Chinese patients.
At a physiologic level, several perturbations in glucose metabolism occur during an acute event like myocardial infarction. Hyperglycemia may be a marker or a mediator of adverse outcomes in patients with AMI. AMI induces a stress reaction; the more severe the infarction, the stronger the stress reaction can be. This stress reaction promotes hepatic glycogen decomposition and secretion of glucagon, resulting in the inhibition of insulin secretion. In addition, the stress reaction causes activation of the neuroendocrine system increasing catecholamine levels and levels of cortisol and growth hormone, which together lead to stress-induced hyperglycemia. [19] However, this hyperglycemia could be harmful for ischemic myocardium. In patients with AMI, elevated glucose levels are associated with higher free fatty acid concentrations, insulin resistance, pro-oxidative/pro-inflammatory state, and impaired myocardial glucose use, [20, 21] which in turn increase oxygen consumption and decrease ventricular contractility, potentially worsening ischemia. [22] Hyperglycemia also enhances the inflammatory reaction of the endothelium by promoting the expression of intercellular adhesion molecules, which increases the adhesion and aggregation of platelets, causing further endothelial injury and microvascular dysfunction. Further, elevated blood glucose levels decrease the ischemic preconditioning of myocardial cells, making them vulnerable to ischemia and hypoxic injury. [23] [24] [25] Hyperglycemia mediates activation of nonoxidative glucose pathways (NOGPs) (i.e., the polyol pathway, formation of advanced glycation end products [AGEs], the hexosamine biosynthetic pathway, and activation of protein kinase C). There is a unique interplay between NOGPs and a downstream convergence of detrimental effects that especially affect cardiac endothelial cells, thereby contributing to contractile dysfunction. In this process, the AGE pathway acts as a crucial mediator of hyperglycemia-mediated detrimental effects. In addition, a vicious metabolic cycle is established whereby hyperglycemia-induced NOGPs further fuel their own activation by generating even more oxidative stress, thereby exacerbating damaging effects on cardiac function. [26] The study showed that the in-hospital mortality risk with AMI increased when admission glucose levels were lower than 3.9 mmol/L for diabetic patients, but the same was not observed among nondiabetic patients. A possible explanation for this phenomenon is that the mechanism of hypoglycemia differs among diabetic patients and the dysregulated physiological responses to hypoglycemia may confer the increased mortality risk with hypoglycemia in diabetic patients with AMI. For instance, first, diabetic patients have a defect in glucagon secretion because of pancreatic α-cell dysfunction, leading to frequent hypoglycemia episodes in the first place. Second, the high magnitude of blood glucose variation drives further hypoglycemia, which is a pathophysiological characteristic of diabetes. Monnier et al. [27] showed that oxidative stress is closely correlated with the mean amplitude of glycemic excursions, but not with mean glucose or HbA1c. Third, diabetic patients often develop functional disturbances of autonomic nervous system which attenuates the stress response system and thus they are unable to correct hypoglycemia. Fourth, spontaneous hypoglycemia could be the marker of other underlying disease states which elevate mortality risk, such as renal insufficiency, liver disease, sepsis, malnutrition, secondary adrenocortical insufficiency, and energy and metabolism dysfunction. [28, 29] Fifth, insufficient dietary intake could also play a role in inducing hypoglycemia.
In addition, hypoglycemia has been found to be to be associated with higher sympathetic activity and catecholamine levels, which promotes destabilization of atherosclerotic plaques. [29, 30] In diabetic patients particularly, hypoglycemia induces an increase in platelet aggregation as well as leads to adverse hemodynamic changes which increase myocardial demand furthering cardiac ischemia. [31, 32] In addition, Robinson et al. [33] found an increased frequency of ischemic electrocardiogram changes and a nocturnal increase in the corrected QT interval accompanied by rhythm disturbances among diabetics when hypoglycemia developed. Hypoglycemia causes QT prolongation and the risk of ventricular tachycardia by directly suppressing K+ currents activated during repolarization. Since diabetes, myocardial infarction, hypertrophy, autonomic neuropathy, and congestive heart failure also cause QT prolongation, the arrhythmogenic effect of hypoglycemia is likely to be greatest in patients with preexistent cardiac disease and diabetes. Furthermore, the catecholamine surge during hypoglycemia raises intracellular Ca 2+ , thereby increasing the risk of ventricular tachycardia and fibrillation by the mechanism that activated by sympathomimetic inotropic agents and digoxin. [34] This might in part explain why hypoglycemia is associated with a higher risk in diabetic patients. The tolerance for hypoglycemia among diabetic patients was much lower than that for hyperglycemia. Hypoglycemia in diabetic patients predicts a more severe outcome with a remarkable increase in acute cerebrovascular events and all-cause mortality rate. [30, 35] The study provides the most comprehensive assessment in China of the relationship of admission glucose and in-hospital mortality across the full spectrum of glucose values in patients with and without known diabetes. Given the high prevalence of blood glucose disturbances in diabetic patients with AMI, [36] appropriate risk stratification and intervention based on admission glucose values may be of substantial benefit. Going forward, the results of our study could inform risk assessment protocols using admission glucose.
The study had several limitations. First, the analysis was limited to admission glucose values. Therefore, we do not know how the in-hospital treatment of hyperglycemia and hypoglycemia and how the subsequent glucose levels during hospitalization affected mortality risk. Second, although our multivariable adjustment accounted for several key demographic and clinical factors, a possibility of residual confounding by unmeasured factors cannot be entirely excluded. Third, the associations identified in the current cross-sectional study might be affected by reverse causality; thus, the findings need to be validated in future mechanic researches and prospective studies before causal inference.
In conclusions, hyperglycemia at presentation is common among patients with AMI in China and associated with a similar increased risk of death in both diabetics and nondiabetics. However, hypoglycemia increased risk of death only in diabetic patients. Further study is needed to elucidate the reasons for this pattern in China. 
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